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In an effort to develop reversible metal borohydrides with high hydrogen storage capacities and low dehydriding
temperature, doping LiBH4 with various metal halides and hydrides has been conducted. Several metal halides
such as TiCl3, TiF3, and ZnF2 effectively reduced the dehydriding temperature through a cation exchange
interaction. Some of the halide doped LiBH4 are partially reversible. The LiBH4 + 0.1TiF3 desorbed 3.5 wt
% and 8.5 wt % hydrogen at 150 and 450 °C, respectively, with subsequent reabsorption of 6 wt % hydrogen
at 500 °C and 70 bar observed. XRD and NMR analysis of the rehydrided samples confirmed the reformation
of LiBH4. The existence of the (B12H12)-2 species in dehydrided and rehydrided samples gives insight into
the resultant partial reversibility. A number of other halides, MgF2, MgCl2, CaCl2, SrCl2, and FeCl3, did not
reduce the dehydriding temperature of LiBH4 significantly. XRD and TGA-RGA analyses indicated that an
increasing proportion of halides such as TiCl3, TiF3, and ZnCl2 from 0.1 to 0.5 mol makes lithium borohydrides
less stable and volatile. Although the less stable borohydrides such as LiBH4 + 0.5TiCl3, LiBH4 + 0.5TiF3,
and LiBH4 + 0.5ZnCl2 release hydrogen at room temperature, they are not reversible due to unrecoverable
boron loss caused by diborane emission. In most cases, doping that produced less stable borohydrides also
reduced the reversible hydrogen uptake. It was also observed that halide doping changed the melting points
and reduced air sensitivity of lithium borohydrides.
1. Introduction
Lithium borohydride, LiBH4, has theoretically both high
gravimetric (18.4 wt %) and volumetric (121 kg/m3) hydrogen
densities making it a potential candidate as a hydrogen storage
material. The release of hydrogen from LiBH4 requires tem-
peratures in excess of 300 °C, and rehydrogenation requires both
high temperatures (>650 °C) and pressure (>190 bar).1 A
number of recent papers have reported decreases in dehydriding
temperatures (or destabilization) by mixing LiBH4 with addi-
tives. Zu¨ttel2 reported that mixing 25 wt % LiBH4 with 75 wt
% of SiO2 reduced the initial dehydriding temperature from 400
to 200 °C. It was reported that the mixed material was partially
reversible, but no experimental details were provided. Orimo
added Mg into the LiBH4 through ball milling and reduced the
dehydriding temperature from 577 to 547 °C.3 Pinkerton
reported that ball-milled 2LiNH2 + LiBH4 formed a quaternary
Li-B-N-H that desorbed 10.2 wt % hydrogen from 250 to
364 °C. The dehydrided material, however, did not absorb
hydrogen at 8 MPa (80 bar).4 Vajo reported that the ball-milled
mixture of LiBH4 and LiOH desorbed 10 wt % hydrogen from
50 to 300 °C, but the dehydrided mixture was not reversible.5
Several reports have also provided evidence for rehydrogenation.
Through XRD and Raman spectroscopic analysis, Orimo
confirmed the reformation of LiBH4 at 350 bar and 600 °C after
LiBH4 decomposed at 1 MPa (10 bar) and 600 °C without
quantitative measurement.6 Vajo reported that the ball-milled
mixture LiH + 0.5MgB2 + 0.03TiCl3 absorbed 9 wt % H2 at
350 °C and 100 bar and desorbed 8 wt % H2 at 450 °C.7 In our
previous work, the LiBH475% + TiO225% desorbed 9 wt %
H2 from 100 to 600 °C and absorbed 8 wt % H2 at 600 °C and
70 bar.8 It was also shown that LiBH4 + 0.2MgCl2 + 0.1TiCl3
desorbed 5 wt % H2 from 60 to 450 °C and absorbed 4.5 wt %
H2 at 600 °C and 70 bar.9 Dehydrogenation heat of the ball-
milled mixture of LiBH4 and mesoporous carbon was reduced
to 40 kJ/mol H2 from 67 kJ/mol H2. The mixture desorbed 7
wt % H2 up to 600 °C and reabsorbed 3 wt % H2 at 350 °C and
30 bar was reported by Zhang et al.10 It was concluded that
nanodispersion and reaction with mesoporous carbon result in
destabilization. Yang et al. reported that ball milling LiBH4 with
0.5 mol of Al reduced the dehydriding temperature from 460
to 400 °C through the reaction 2LiBH4 + Al f AlB2 + 2LiH
+ 3H2 reversibly at 350 °C and 150 bar.11 Reversible hydrogen
absorption of LiBH4 + 0.5Al + 0.04TiF3 at 400 °C/100 bar H2
after releasing 7.2 wt % H2 at 450 °C was observed by Kang.11
Jin reported that the ball-milled mixture LiBH4-LiAlH4-TiF3
released 7.2 wt % H2 at 247 °C and reabsorbed 5.1 wt % H2 at
350 °C/70 bar.12
Several metal borohydrides with lower dehydriding temper-
ature such as Zr(BH4)2, Ti(BH4)3, Mn(BH4)2, Mg(BH4)2, and
Al(BH4)3 have been synthesized through organic wet chemical
reactions.13-18 Historically, the volatile metal borohydrides such
as Cr(BH4)3, Zn(BH4)2, and Sn(BH4)219-21 have been used for
generation of diborane, B2H6, which is a precursor for boron
chemical vapor deposition. Recently, these metal borohydrides
have been investigated for possible reversible hydrogen storage.
These borohydrides either desorbed hydrogen at high temper-
ature (above 250 °C) or evolved significant diborane (B2H6)
gas. None of these borohydrides appear to be reversible under
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practical temperatures and pressures. Jeon and Cho synthesized
Zn(BH4)2 and found the material very unstable under ambient
conditions.22 TGA measured 12.1 wt % loss between 85 and
140 °C. Concurrently, mass spectroscopy detected both H2 and
B2H6. It was concluded that Zn(BH4)2 is neither reversible nor
suitable for hydrogen storage. Diborane emission was observed
from unstable Mg(BH4)2 and Mn(BH4)2 as well.23,24 The
evolution of B2H6 causes loss of boron in the hydrogen gas
stream, resulting ultimately in irreversibility. From our previous
investigations,8,9 it is believed that LiBH4 reversibility is
determined by its dehydrogenation products. The borohydrides
that do not emit boron-containing volatile gases such as BH3
and B2H6, which hold boron in intermediate compounds such
as MgB2 during dehydrogenation, might be reversible. The
unstable borohydrides capable of liberating H2 at room tem-
perature are most likely irreversible due to B2H6 evolution. In
this paper, we report the results of our continued studies on the
relationship of stability and reversibility of modified lithium
borohydrides.
2. Experimental Details
The LiBH4 (95% purity) and the additives TiCl3, TiF3, ZnCl2,
FeCl3, MgCl2, MgF2, SrCl2, CaCl2, and TiH2 (99.9-99.99%
purity) were purchased from Sigma-Aldrich and used directly
without pretreatment. An amount of 2 g of the LiBH4 and
additive powders were placed in a 45 mL hardened steel
grinding bowl with three 11 mm diameter tungsten carbide balls
in an argon atmosphere glovebox. The sealed grinding bowls
were put on a Frisch-7 planetary ball mill for 1 h milling at
500 rpm. To prevent the temperature from rising excessively,
one hour of milling was completed through six repetitions of
10 min of milling and 10 min of rest with forced air-cooling.
An SRS RGA-300 residual gas analyzer (RGA) coupled with a
Perkin-Elmer Pyris-1 thermal gravimetric analyzer (TGA) was
used to measure the weight loss and analyze the composition
of the gases evolved during thermal decomposition, simulta-
neously. Five milligram samples were used in the TGA for each
measurement. Research grade Argon with a purity of O2 < 0.1
ppm, H2 < 0.1 ppm, H2O < 0.5 ppm, N2 < 0.1 ppm, total
hydrocarbon (THC) < 0.1 ppm, and (CO + CO2) < 0.1 ppm
was passed at 60 mL/min from the TGA through a 3.2 mm OD
PEEK tubing to the RGA instrument. The targeted evolving
gases monitored by RGA were H2O(18), H2(2), O2(32), and
B2H6(26). The simultaneous TGA-RGA measurement deter-
mined the critical desorption temperature, weight loss, and
evolved gas composition during thermal decomposition. After
TGA-RGA prescreening, 0.5 g samples were transferred to a
5 mL sample holder connected with the 2 L desorption chamber
of a Sieverts apparatus. The system was evacuated to 5 mbar
before temperature programmed desorption (TPD) initiated. An
MKS vacuum transducer measured subsequent pressure changes.
The temperature was increased from ambient to 500 °C at 5
°C/min. Rehydriding was conducted isothermally at 500 °C and
70 bar utilizing 99.9999% hydrogen. The hydrogen absorption
and desorption capacities were calculated based on the total
sample mass including the additives. The samples were analyzed
by X-ray diffraction analysis (XRD) in a Panalytical X’Pert Pro
X-ray diffractometer to determine phase compositions in the
three states: as synthesized, dehydrided, and rehydrided. Solid-
state magic angle spinning (MAS) nuclear magnetic resonance
(NMR) spectra were measured at the California Institute of
Technology using a Bruker Avance 500 MHz spectrometer with
a wide bore 11.7 T magnet and employing a boron-free Bruker
4 mm probe. The spectral frequency for the 11B nucleus was
160.50 MHz. The 11B chemical shifts are reported in parts per
million (ppm) when externally referenced to BF3 ·O(CH2CH3)2
at 0 ppm. The powder samples were packed into 4 mm diameter
ZrO2 rotors under an argon atmosphere and sealed with a kel-F
cap. Sample spinning was performed under dry nitrogen gas.
Because two of the MAS-NMR samples (i.e., the as-
synthesized and desorbed LiBH4 + 0.1TiCl3) could not be spun
faster than a few kilohertz when loaded neat, these powders
were mixed with approximately equal volumes of finely crushed
moisture-free quartz glass before refilling the rotors. These
Figure 1. TGA-RGA spectra of the ball-milled LiBH4.
Figure 2. TPD of LiBH4 + 0.1TiCl3, LiBH4 + 0.5TiCl3, LiBH4 +
0.1TiF3, LiBH4 + 0.1ZnF2, LiBH4 + 0.1AlF2 and ball milled LiBH4.
Figure 3. Hydrogen absorption of LiBH4 + 0.1TiCl3, LiBH4 +
0.5TiCl3, LiBH4 + 0.1TiF3, LiBH4 + 0.5TiF3, LiBH4 + 0.1ZnF2, LiBH4
+ 0.5ZnF2, and ball-milled LiBH4.
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mixed samples were then successfully spun at ∼12-14 kHz
for improved resolution of the MAS-NMR spectra.
Differential scanning calorimetry (DSC) analysis was per-
formed using a Perkin-Elmer System 7 calorimeter located inside
an inert gas glovebox. Samples were heated from 70 to 370 °C
at 5 °C/min under one atmosphere of flowing Ar gas.
3. Results and Discussion
3.1. Commercially Pure LiBH4. To establish the baseline
for objective comparison, the commercial LiBH4 was ball milled
for 60 min under argon for TGA-RGA analysis. The results
show that it started decomposing at 300 °C and lost 12% weight
up to 500 °C (Figure 1). A dipping in the TGA curve at 300 °C
corresponds to the LiBH4 melting temperature. The RGA
showed the weight loss is attributed solely to hydrogen
evolution. The majority of hydrogen was released above 400
°C. Hydrogen bubbling out of the melt in the TGA sample pan
was observed visually and caused bumps in the mass signal
around 470 °C. There was no B2H6 detected by RGA in the
TGA purging gas at ambient pressure. However, a mass
spectroscope did detect a trace of B2H6 (∼15 ppm) when LiBH4
discharged gases into a vacuum (10-10 torr).8 This raises the
question of whether the LiBH4 is fundamentally reversible and
under what conditions it evolves B2H6. It was reported that the
H2 back pressure during dehydrogenation determines the re-
versibility of LiBH4 in the LiBH4 + 0.5MgH2 coupled system.25
The decomposition of lithium borohydrides at the different back
pressures may produce different products which influence its
reversibility. The small quantity of water vapor detected may
come from reaction of hydrogen with oxide components in the
RGA chamber or hydrated water as one of the impurities in
commercial lithium borohydride.
The dehydriding and rehydriding properties of the ball-milled
LiBH4 were investigated in a Sieverts apparatus. The results
show that it desorbed 12 wt % H2 from 300 to 500 °C (Figure
2) which is consistent with the TGA results mentioned above.
The dehydrided sample absorbed 7 wt % H2 at 500 °C and 70
Figure 4. XRD of LiBH4 as ball milled, dehydrided, and rehydrided.
Figure 5. TPD of TiH2-modified LiBH4.
Figure 6. TGA-RGA spectra of LiBH4 + 0.1TiH2.
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bar (Figure 3). XRD detected LiH and LiOH from the
dehydrided LiBH4 sample (Figure 4). LiOH possibly originated
from moisture absorption on LiH during XRD sample prepara-
tion. As observed with NMR,26 boron is in an amorphous state
and undetectable by XRD. After rehydrogenation, LiBH4 was
formed, but the residual dehydriding products LiH and B were
still present. Higher pressures and longer times may increase
the yield of LiBH4, but slow reaction kinetics makes complete
rehydrogenation difficult. Orimo and Mauron also reported the
incomplete rehydrogenation of LiBH4 even at 350 bar and 600
°C and 155 bar and 600 °C, respectively.3,27 The slow kinetics
may be attributed to the low mobility and inactivity of
amorphous boron. For this reason, LiBH4 is to be considered
partially reversible under these conditions.
3.2. LiBH4 + 0.1TiH2 and LiBH4 + 0.5TiH2. It is suggested
that partial substitution of Li with other metals may destabilize
LiBH4.3,28 To verify whether Ti in TiH2 can substitute Li from
LiBH4, the samples of LiBH4 + 0.1TiH2 and LiBH4 + 0.5TiH2
were prepared through five hour ball milling. The results showed
that addition of TiH2 did not reduce the dehydriding temperature
of LiBH4. The TPDs of LiBH4 + 0.1TiH2 and LiBH4 + 0.5TiH2
are almost the same as the pure LiBH4 (Figure 5). Corresponding
to TPD, TGA results showed that 15 wt % of hydrogen was
released (Figure 6). The signal spike at 300 °C was caused by
melting of LiBH4 that forcefully ejected a small amount of
hydrogen (RGA H2 peak at 300 °C). The second bump at 400
°C corresponds to decomposition of TiH2.29 At this temperature,
LiBH4 and TiH2 both decomposed and released hydrogen
resulting in rapid weight loss (RGA H2 peak at 450 °C). Upon
completion of TiH2 decomposition, the weight loss slowed and
again increased. It is possible that Ti segregating from TiH2
catalyzed the decomposition of the remaining LiBH4 melt. RGA
did not detect B2H6. XRD results show that the TiH2 did not
react with LiBH4 after five hours of ball milling (Figure 7),
and the material is simply a mechanical mixture. These results
do not support the thermodynamic prediction of 2LiBH4 + TiH2
f 2LiH + TiB2 + 4H2 with reduced enthalpy (∆H ) 2.2 kJ/
mol H2).30 The LiBH4 + 0.1TiH2 and LiBH4 + 0.5TiH2 were
partially reversible and absorbed 4.5 wt % and 2.5 wt % H2,
respectively, at 500 °C and 70 bar after dehydrogenation (Figure
8). The thermodynamically predicted outcome was not observed.
3.3. LiBH4-Based Materials Modified by TiCl3, TiF3, and
ZnF2. After TGA screening, it was found that the additives
TiCl3, TiF3, and ZnF2 reduced dehydriding temperatures re-
markably in the first dehydriding step (Figure 2). The details
are reported below.
Figure 7. XRD spectrum of LiBH4 + 0.1TiH2 after 5 h of ball milling. The two large peaks marked by “Film” are from diffraction of the
polyethylene film that covers the sample for air isolation.
Figure 8. Hydrogen absorption of dehydrided LiBH4 + 0.1TiH2 and
LiBH4 + 0.5TiH2.
Figure 9. TGA-RGA spectra of LiBH4 + 0.1TiCl3.
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3.3.1. LiBH4 + 0.1TiCl3 and LiBH4 + 0.5TiCl3.
3.3.1.1. LiBH4 + 0.1TiCl3. TGA-RGA spectra show that
LiBH4 + 0.1TiCl3 desorbed H2 slowly from 100 to 350 °C
(Figure 9). Hydrogen was released rapidly from 350 to 450 °C.
Above 450 °C, dehydriding slowed. At 500 °C, approximately
6 wt % hydrogen was librated from the sample. No B2H6 was
detected by RGA, but this does not rule out the formation of a
trace amount of B2H6 due to the limit of instrument sensitivity
which is estimated at approximately H2 > 5 ppm. These results
are consistent with published data on 3LiBH4 + TiCl3.31 The
weight loss in TGA corresponds to hydrogen desorption data
of TPD (Figure 2). The TPD and TGA were conducted in a
dynamic heating mode. The heat transfer in TPD (0.5 g of
sample in a sealed vessel) is considerably slower than in TGA
(5 mg of sample in an open pan). For this reason, the onset
temperature in TPD is higher than that in TGA. The TPD also
shows incompletion of dehydriding at 500 °C.
The XRD of the synthesized LiBH4 + 0.1TiCl3 detected
LiBH4 and LiCl. The TiCl3 disappeared from the XRD spectrum
(Figure 10) which indicates TiCl3 reacted with LiBH4 through
the cation exchange reaction such as 3LiBH4 + TiCl3f 3LiCl
+ Ti(BH4)3 (1) during ball milling. However, XRD did not
detect Ti(BH4)3 due to its decomposition at room temperature.15
Internal pressure built up in the grinding bowl after milling was
evidence of H2 released during milling. A possible decomposi-
tion reaction can be expressed as Ti(BH4)3 f TiH2 + 2.5B +
0.25B2H6 + 4.25H2. However, the overall decomposition may
take several steps to complete. Intermediate species may form
in these steps that lead to a continuous release of a small amount
of H2 up to 300 °C. As shown in Figure 11, 11B MAS NMR
found there were two distinct boron species present after ball
milling: (a) a sharp peak centered at -40 ppm that is essentially
identical to the spectrum of a LiBH4 reference sample from
Aldrich and (b) a low-intensity and broad component with its
maximum near +60 ppm. This latter 11B peak cannot currently
be assigned but does not correspond to the peak for TiB2 (i.e.,
about -8 ppm, see bottom spectrum of Figure 11) or to other
transition metal borohydrides with reported32 shifts from -8 to
-19 ppm. According to the stoichiometry of the reaction (1),
0.1 mol of TiCl3 reacts with 0.3 mol of LiBH4 leaving 0.7 mol
of LiBH4 unreacted that decomposed and liberated H2 at
400-480 °C.
The XRD of the dehydrided LiBH4 + 0.1TiCl3 detected
LiH and LiCl only (Figure 10). Boron was undetectable. The
11B MAS NMR spectrum in Figure 12a of the dehydrided
LiBH4 + 0.1TiCl3 indicates at least three distinct features.
The nature of these peaks was further characterized by the
11B multiple quantum (MQ) MAS NMR method33,34 previ-
ously used to determine phase compositions of several
desorbed borohydrides.35 As shown in Figure 12b, the two-
dimensional (2D) contour shapes have two regions (i.e.,
between +20 and +130 ppm and from -30 to +20 ppm) in
Figure 10. XRD of the LiBH4 + 0.1TiCl3 as synthesized, dehydrided, and rehydrided.
Figure 11. MAS NMR 11B spectra of as-prepared LiBH4 + 0.1TiCl3
compared to the reference compounds LiBH4 and TiB2 with peaks at
-41 and -7 ppm, respectively. The inset reveals a broad peak centered
near +60 ppm for the LiBH4 + 0.1TiCl3 sample when the spectrum
is redrawn with a higher vertical scale. The asterisks (*) denote spinning
sidebands to the major peaks.
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the MQMAS spectrum that each are widely dispersed along
the isotropic chemical shift (CS) axis, which is characteristic
of highly disordered species (i.e., amorphous phases) with a
distribution of isotropic chemical shifts. While the upper
region is very similar to the component observed in Figure
11 from the as-ball milled sample, it is not possible to
uniquely deconvolute the peak between 20 and -30 ppm,
which appears to include overlaps from the TiB2 peak along
with major contributions from amorphous B and an inter-
mediate [B12H12]-2 species previously characterized by NMR
in desorbed LiBH4 and other borohydrides.35 The isolated
11B peak near -40 ppm in both Figures 12a and 12b is due
to BH4- anions in a disordered state. Finally, the sharp
component near 0 ppm corresponds to B-OH bonds from a
hydroxide contaminant that probably formed during air
exposure of this material. In an attempt to understand this
mechanism, two-step reactions could be hypothesized as (1)
LiBH4 + 0.1TiCl3 f 0.7LiBH4 + 0.3LiCl + 0.1TiH2 +
0.25B + 0.025B2H6 + 0.425H2 at 100 °C and (2) 0.7 LiBH4
f 0.7LiH + 0.7B + 1.05 H2 at 400 °C. The overall reaction,
then, can be expressed as LiBH4 + 0.1TiCl3 f 0.7LiH +
0.3LiCl + 0.1TiH2 + 0.95B + 0.025 B2H6 + 1.475 H2 that
gives 7.94 wt % theoretical dehydriding capacity. Note that
any of these hypothesized reaction intermediates do not seem
to be a reasonable candidate for the species generating the
broad NMR peak at the downfield (20 to 130 ppm). We can
only speculate that the broad NMR peak is responsible for
the other boron-titanium alloy species. Therefore, the
reaction scheme proposed here is expected to vary upon the
characterization of the unidentified species.
Practically, the measurable capacity will be less owing to
hydrogen evolution during ball milling and slow desorption
in the limited time of the experiment. As shown in Figure 2
and Figure 9, the dehydriding was not completed at the cutoff
temperature of 500 °C. The total desorption capacity could
be higher than 5% when increasing temperature or extending
the heating time.
The XRD spectrum of the rehydrided LiBH4 + 0.1TiCl3
shows LiBH4, LiH, and LiCl (Figure 10). The formation of
the BH4- unit is clearly demonstrated from the 11B MAS
NMR spectrum in Figure 12a from the rehydrided sample
by the partial recovery of the -40 ppm peak. However, a
large portion of boron moieties in this rehydrogenated sample
are hydroxide and oxide contaminants as indicated by the
peaks between 20 and -5 ppm. Furthermore, the distinct peak
at -15.8 ppm in Figure 12a is due to the Li2B12H12 species
that did not convert back to the borohydride.35 The TiHx phase
may be in an amorphous state undetectable. These results
indicate that the material is partially reversible. The LiCl
formed in the first dehydriding did not take part in the
following dehydriding-rehydriding reactions. For this reason,
the LiBH4 + 0.1TiCl3 absorbed 3.4 wt % H2 only at 500
°C/70 bar (Figure 3). The formation of LiBH4 was also
confirmed by the XRD (Figure 10).
3.3.1.2. LiBH4 + 0.5TiCl3. XRD of LiBH4 + 0.5TiCl3 as-
milled detected LiCl only. According to the stoichiometry
of the reaction 3LiBH4 + TiCl3 f 3LiCl + Ti(BH4)3, 0.5
mol of TiCl3 will react with 1.5 mol of LiBH4 resulting in
the disappearance of LiBH4 after ball milling.
Surprisingly, TGA measured 37% weight loss at 100 °C
(Figure 13). Obviously, such a large weight loss cannot be
attributed to H2 evolution alone, and other gases might have
been emitted. It is noted that TGA registered a weight loss before
heating. Repeated TGA-RGA measurement produced identical
results. To determine whether BCl3 gas formed, the experiments
were repeated with none detected. Another possibility is HCl
gas formation, which may condense on the apparatus walls
which RGA did not detect. Hoekstra synthesized Ti(BH4)3
through the reaction 2TiCl4 + 8LiBH4 f 2Ti(BH4)3 + 8LiCl
Figure 12. (a) MAS NMR 11B spectra of LiBH4 + 0.1TiCl3
as-synthesized, dehydrided, and rehydrided where the asterisks (*)
denote spinning sidebands. (b) 11B MQMAS spectrum of the dehydrided
sample showing three distinct amorphous components.
Figure 13. TGA-RGA spectra of LiBH4 + 0.5TiCl3.
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+ B2H6 + H2.14 If Ti(BH4)3 decomposed through his suggested
route Ti(BH4)3 f TiH + 3B + 5H2, it would release 4.13%
H2. From our TGA and TPD data, it seems that this is not the
case. Two possible reactions are hypothesized as
LiBH4+1/2TiCl3fLiCl+ 1/6TiCl3+1/3Ti+ 1/2B2H6+
1/2H2 (21 wt %) (2)
LiBH4+1/2TiCl3fLiCl+ 1/2Ti+ 1/2B2H6+1/4H2 +
1/2HCl (47 wt %) (3)
XRD did not detect Ti and TiCl3 as reaction (2) suggests (Figure
14a). The Ti and TiCl3 may be in an amorphous state. RGA
was not able to detect HCl as reaction (3) predicted. HCl may
condense on the wall of gas purging tubing. A satisfactory
interpretation for the large weight loss has not been postulated
yet. More sophisticated analytic tools and comprehensive
investigation are needed to confirm the complicated reactions.
The borohydride BxHy has a number of stoichiometric formations
at different conditions. We speculate that some B2H6 may
decompose to higher boron hydrides like B5H9 that was not
monitored by RGA during the experiment. In summary, the
materials will be less reversible if boron hydride gases evolved
during dehydrogenation. For this reason, “boron retention” is a
key for long-term reversible dehydriding and rehydriding.
The Sieverts measurement shows that LiBH4 + 0.5TiCl3
desorbed 3 wt % H2 up to 500 °C (Figure 2) that is much lower
than 37 wt % of weight loss measured by TGA. This is possibly
owing to decomposition of Ti(BH4)3 during initial sample
evacuation. On the other hand, the different principles of TGA
and Sieverts measurements may also contribute to the variation
of the results. Although the weight loss measured by TGA is
attributable to evolution of both B2H6 and H2, the molecular
weight of diborane (26) is 13 times heavier than hydrogen (2).
For this reason, TGA is more sensitive to B2H6 emission. The
volumetric measurement of the Sieverts apparatus (TPD)
registers and converts the volumes of gases evolved to the
equivalent weight percentage. In this case, the evolution of B2H6
and H2 contributes to weight percentage equally. Therefore, the
weight loss measured by TGA is higher than TPD measured.
After dehydriding, the sample did not absorb H2 at 500 °C and
70 bar (Figure 3). It is believed that the boron loss caused by
Figure 14. XRD of LiBH4 + 0.5TiCl3 (a) as-synthesized and (b) dehydrided.
Figure 15. TGA-RGA spectra of LiBH4 + 0.1TiF3.
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evolution of B2H6 is largely responsible for the irreversibility.
The formation of the stable LiCl holds some lithium from
participation of rehydrogenation resulting in irreversible capacity
loss as well. XRD of dehydrided LiBH4 + 0.5TiCl3 shows LiCl
(H2O) only (Figure 14b). Other possible dehydriding products
such as TiH2 and B may be in the amorphous state. The XRD
of rehydrided LiBH4 + 0.5TiCl3 is the same as dehydrided
(Figure 14b), which means the material is irreversible.
3.3.2. LiBH4 + 0.1TiF3 and LiBH4 + 0.5TiF3. TGA-RGA
spectra show that the LiBH4 + 0.1TiF3 desorbed hydrogen in
two stages. At 100 °C, it lost 5 wt % that is mostly attributed
to H2 evolution with a trace of B2H6 emitted. At 400 °C, it lost
another 5 wt % with no B2H6 detected (Figure 15). Overall,
LiBH4 + 0.1TiF3 desorbed 12 wt % of H2 up to 500 °C. This
implies that there are two reactions occurring. One was
decomposition of unstable Ti(BH4)3 releasing H2 and trace of
B2H6 at low temperature (100 °C). The other is decomposition
of stable LiBH4 liberating H2 at higher temperature (300 °C).
It is noted that TPD measured 3 wt % of H2 desorption at 100
°C only because some H2 was evolved from the sample during
the initial evacuation of TPD (Figure 2).
Figure 16. XRD of LiBH4 + 0.1TiF3 as-synthesized, dehydrided, and rehydrided.
Figure 17. TGA-RGA spectra of LiBH4 + 0.5TiF3.
Figure 18. TPD of LiBH4 + 0.5TiF3 and LiBH4 + 0.5ZnF2.
Figure 19. TGA-RGA spectra of LiBH4 + 0.1ZnF2.
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The XRD detected LiBH4, LiF, and TiF3 in as-synthesized
LiBH4 + 0.1TiF3 (Figure 16). This differs from LiBH4 +
0.1TiCl3, in which TiCl3 disappeared after ball milling. A
considerable amount of TiF3 did not react with LiBH4 during
ball milling under the same milling scheme. TiF3 (∆H )
-1435.53 kJ/mol) is more chemically stable than TiCl3 (∆H )
-721/74 kJ/mol)36 and would require a considerably higher
degree of attrition to attain homogeneity. It may be beneficial
using less reactive TiF3 rather than TiCl3 to reduce H2 evolution
during ball milling.
The XRD of dehydrided LiBH4 + 0.1TiF3 shows the presence
of LiF and LiH (Figure 16). The possible dehydriding reaction
at 100 °C is proposed as 0.3LiBH4 + 0.1TiF3 f 0.3LiF +
0.1TiH2 + 0.25B + 0.025B2H6 + 0.425H2 that will lead to 4.8
wt % of weight loss, close to the 5 wt % loss measured by
TGA. There was not a significant H2 evolution between 100
and 300 °C, which indicates that the interaction of LiBH4 and
TiF3 was completed, and decomposition of LiBH4 did not occur.
In the second stage, the remaining LiBH4 decomposed from
300 to 500 °C and liberated 6.6 wt % H2 through the reaction
LiBH4 f LiH + B + 1.5H2. Assuming 0.1 TiF3 reacts with
0.3LiBH4 stoichiometrically at 100 °C and the remaining
0.7LiBH4 decomposes at 300 °C, the overall reaction can be
expressed as LiBH4 + 0.1TiF3f 0.7LiH + 0.95B + 0.025B2H6
+ 0.3LiF + 0.1TiH2 + 1.475H2. The theoretical weight loss
will be 11.4 wt % (9.2 wt % from H2 and 2.2% from B2H6)
which seems to agree with the TGA measurement (Figure 15).
The two compounds dehydriding at low and high temperatures
are assumed as Ti(BH4)3 and LiBH4, respectively. Sieverts
measurement shows that the LiBH4 + 0.1TiF3 absorbed 6 wt
% of H2 at 500 °C and 70 bar after dehydriding 9 wt % H2
(Figure 3). The XRD of rehydrided LiBH4 + 0.1TiF3 shows
the presence of LiBH4, LiF, and LiH (Figure 16) which confirms
that the material is partially reversible.
TGA-RGA spectra show that the LiBH4 + 0.5TiF3 lost 7%
of weight by releasing H2 and B2H6 at 100 °C (Figure 17). There
was no weight loss from 150 to 300 °C. From 300 to 500 °C,
it lost another 7% of weight. Up to 500 °C, it totally lost 14%
of weight, most from H2 with some B2H6 emitted. It is noted
that TGA did not measure the unusually large weight loss (37%)
as was measured for LiBH4 + 0.5TiCl3. This implies that LiBH4
+ 0.5TiF3 was less volatile than LiBH4 + 0.5TiCl3. The reaction
mechanism should be the same as LiBH4 + 0.1TiF3, but more
H2 was released at low temperature (100 °C) than LiBH4 +
0.1TiF3. For the same reasons explained above for LiBH4 +
0.5TiCl3, the TPD measured only 1.5 wt % H2 desorption
(Figure 18). The decomposed LiBH4 + 0.5TiF3 absorbed 0.2
wt % H2 at 500 °C and 70 bar (Figure 3).
3.3.3. LiBH4 + 0.1ZnF2 and LiBH4 + 0.5ZnF2. For LiBH4
+ 0.1ZnF2, TGA measured 4 wt % loss, and RGA detected the
H2 and B2H6 at 120 °C (Figure 19). From 350 to 500 °C, the
sample lost 6 wt % that resulted from H2 evolution only.
Between 150 and 350 °C, the sample slowly desorbed 1 wt %
H2. The first and second stages of decomposition are attributed
to the reaction of LiBH4 and ZnF2 and the thermal decomposi-
tion of LiBH4, respectively. It is noted that Sieverts TPD
measured about 1 wt % of hydrogen desorption at 120 °C only
because of hydrogen evolution during initial evacuation (Figure
2). The LiBH4 + 0.1ZnF2 is partially reversible and absorbed
4.0 wt % H2 at 500 °C and 70 bar after dehydrided 7 wt % H2
(Figure 3). After dehydriding LiBH4 + 0.1ZnF2 at 100 °C, XRD
detected LiF, Zn, LiBH4, and ZnF2. These observations indicate
that the interaction of LiBH4 and ZnF2 took place but was not
completed at 100 °C (Figure 20). The reactions are proposed
as: LiBH4 + 0.1ZnF2 f 0.8LiBH4 + 0.2LiF + 0.1Zn +
0.01B2H6v + 0.1H2v. This ion exchange reaction should yield
3.14 wt %, theoretically. RGA detected H2, B2H6, and H2O gases
at 100 °C, and all of them contribute to total weight loss.
Therefore, 4 wt % measured by TGA supports the above
reaction. Water vapor may result from unidentified impurities
in the ZnF2.
With more ZnF2 added, the material tends to be more unstable
and volatile. TGA shows that the LiBH4 + 0.5ZnF2 lost 15%
of weight at 130 °C (Figure 21). Significant amounts of B2H6
and water vapor were detected during H2 evolution. The excess
water vapor likely came from zinc hydroxide or hydrated water
in the commercial ZnF2 precursor (99% pure). TPD measured
3.7 wt % of H2 desorption from 25 to 500 °C (Figure 18) with
some of the H2 evolved during evacuation prior to the TPD
start. After dehydriding, the sample absorbed 1 wt % H2 at 500
°C and 70 bar (Figure 3).
4. Change of Melting Points
It was found that the additives TiCl3 and TiF3 changed the
melting points and reduced the air sensitivity of LiBH4. DSC
measurements on LiBH4 + 0.1TiCl3 and LiBH4 + 0.1TiF3
(Figure 22) show thermal events that were attributed to the
LiBH4 orthorhombic-to-hexagonal phase transition near 113 °C
and LiBH4 melting between 250 and 300 °C. Adding 0.1 mol
of TiCl3 increased the LiBH4 melting point from 284 to 299
°C, while the addition of 0.1 mol of TiF3 reduced the melting
point to 264 °C. As discussed above, TiCl3 fully reacted with
LiBH4 during ball milling, while TiF3 did not. The origin of
the change in melting temperatures is not understood, particu-
larly as the melting points shift in the opposite directions for
the two additives. It is believed that shifting LiBH4 melting
Figure 20. XRD of LiBH4 + 0.1ZnF2 dehydrided at 150 °C.
Figure 21. TGA-RGA spectra of LiBH4 + 0.5ZnF2.
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toward a higher temperature would allow the dehydriding to
occur more readily as a gas-solid reaction. With a large reaction
surface area, the kinetics of the solid-gas reaction is faster than
the liquid-gas reaction, and the reversibility would also
improve.
It was observed here and by others that H2 evolved from pure
LiBH4 melts which caused spattering and deposition on the walls
of the sample holder. The rehydrided LiBH4 sample on exposure
to air readily absorbed moisture, generating bubbles (Figure 23b,
left). However, LiBH4 + 0.1TiCl3 did not spatter during
dehydriding (Figure 23b, right). The sample was sintered as a
cylindrical mass after dehydriding and rehydriding and showed
no visible reaction on exposure to air. The 11B MAS NMR
measurements on the dehydrided and, especially, the rehydrided
LiBH4 + 0.1TiCl3 samples clearly showed extensive concentra-
tions of presumably amorphous boron oxide and hydroxide
species after air exposure as shown by the peak assignments in
Figure 24. Furthermore, proton and 7Li MAS NMR spectra also
indicated the presence of contaminating species in both samples.
The boron oxide and hydroxide layer formed around the sample
in the air may protect material from further reaction.
5. Conclusion
It was verified that the commercially pure LiBH4 is partially
reversible and absorbed 7 wt % H2 at 600 °C and 70 bar. To
reduce the dehydriding temperature and improve material
reversibility, the metal hydride and metal halides have been
added into LiBH4 for possible elemental substitution and
reversible interaction. It was found that titanium in the metal
hydride, TiH2, did not substitute for Li in LiBH4 or react with
LiBH4. The halides TiF3, TiCl3, and ZnFl2 effectively reduced
the first cycle dehydriding temperature from 300 °C to less than
100 °C through the cation exchange reaction with LiBH4 and
formation of unstable transition metal borohydrides. After
dehydriding 6-9 wt % hydrogen, the materials absorbed 3-6
wt % hydrogen at 500 °C and 70 bar.
Figure 22. DSC of (a) LiBH4 + 0.1TiCl3 and (b) LiBH4 + 0.1TiF3.
Figure 23. (a) The synthesized, dehydrided, and rehydrided LiBH4 + 0.1TiCl3 samples exposed in the air. (b) The dehydrided samples of LiBH4
+ 0.1TiF3 (right) and LiBH4 (left) after being exposed to the air.
Figure 24. Assignments of 11B MAS NMR peaks for the air-exposed
rehydrided LiBH4 + 0.1TiCl3 sample where the peaks at +13.9 and
9.2 ppm are from boron oxide, at 0.9 ppm is from the B-OH species,
at -15.8 ppm is from Li2B12H12, and at -39.9 ppm is from BH4- anions.
The very broad weak peak centered at ∼60 ppm is also present.
18670 J. Phys. Chem. C, Vol. 112, No. 47, 2008 Au et al.
TGA-RGA, XRD, and Sieverts TPD analysis indicated that
the dehydrogenation of the halide doped LiBH4 goes through
two stages: (1) cation exchange reaction of LiBH4 and halide
resulting in hydrogen and possible diborane evolution at low
temperature, e.g., LiBH4 + 0.1TiF3 f 0.7LiBH4 + 0.3LiF +
0.25B + 0.1TiH + 0.025B2H6v + 0.425H2v at 100 °C and (2)
decomposition of unreacted LiBH4 at high temperature, e.g.,
0.7LiBH4 f 0.7LiH + 0.7B + 1.05H2v at 400 °C. The partial
reversibility of halide doped LiBH4 demonstrated at high
temperature is attributed to unreacted LiBH4. Adding excess
halides converted all the LiBH4 to an unstable transition metal
borohydride that immediately decomposed resulting in evolution
of hydrogen and diborane at low temperature. After that, the
materials did not absorb hydrogen even at high temperature and
pressure. The formation of diborane led to unrecoverable
capacity loss and irreversibility. Halide doping reduces the
thermal stability of LiBH4, but it reduces reversibility as well.
It is suggested that LiBH4 doped with halides containing metals
that can not readily form metal borides may likely evolve
diborane during dehydriding. It was found that halide doping
changed the melting point of LiBH4 and reduced the material’s
air sensitivity. The 11B MAS NMR spectra revealed extensive
formation of B-O and B-OH species after air exposure. The
boron oxide and boron hydroxide layer may protect materials
from further reaction with air. It would be a great advancement
to improving sorption kinetics if H2 could be released in the
solid state by tuning the melting points of metal borohydrides.
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